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There are many natural processes and engineered systems for improv-
ing waters which carry wasteso. Wastewaters can be restored to useful-
ness by taking advantage of bi9logical pro.cesses that go on in natureo. 
Research activities on the important 11 secondary 11 treatment in water pol-
lution control have resulted in various modifications of the widely used 
conventional activated sludge processo. The extended aeration or total 
oxidation process is one such economical modification which has been 
used increasingly because of its simplicity in operation, low cost in 
maintenance, and its capacity to withstand various environmental 
changes. Figure l shows a flow diagram of a conventional activated 
sludge process and the extended aeration modificationo 
Increasing attention is being given to the total oxidation process 
because of its easy applicability to the waste treatment, especially in 
small sized plants where wastewater is not produced continuously, 
thereby a continuous source of inflowing nutrients is not available to 
supply the metabolic needs of aerobic microbial life. Consequently, the 
number of extended aeration plants has increased to an appreciable num-
ber, and their popularity is still increasing. 
A great deal of research has been conducted, and the theory of 
total oxidation has been given a fair trial in many respects. Bench-
scale extended aeration pilot plant studies were operated at Oklahoma 
Figure 1. Comparison of the Extended Aeration and Conventional 
Activated Sludge Process. (For the extended aera-
ttion process, only the position of the diagram 

























State University by Gaudy and his co-workers for nearly ten years (1) 
(2)(3)(4). During their studies, the practical, evidence has indicated 
that such a system can be operated with an appreciable biochemical 
efficiency without solids accumulation, without practicing sludge wast-
, 
ing. From these studies, an extended aeration process modification has 
been developed which provides for a high degree of engineering control 
of solids concentration. This improvement is known as the 11 hydrolytic 
assist. 11 As water quality standards and stream standards have become 
increasingly more stringent, it has become imperative that waste water 
treatment facilities be designed employing new innovative design con-
cepts which appear to be economically feasible. Modern-day environ-
mental engineers are called on to not only design appropriate pollution 
control facilities, but also to devise control schemes for easy refined 
operation of such facilities, .. The 11 hydrolytic assist" may offer 
increased operational control of the process. 
One of the characteristics of the extended aeration process. is that 
it often provides a highly nitrified effluent. The removal of nitrogen 
compounds from wastewater has created much accelerated interest,. 
because the discharge of these contaminants is manifested in the growth 
of algae and aquatic plants. Essential steps are necessary to control 
the discharge of these contaminants, otherwise over-fertilization will 
continue to increase--especially with the multiple re-use of water. 
The natural process of nutrient enrichment of the watershed is known as 
11 eutrophication.lf The rate of eutrophication can reach critical levels 
in a short period of time if not attended, and thus become a serious 
problem for an environmental engineer, .. Hitherto in the design of 
treatment plants, economy and removal of organic matter were the main 
5 
criteria, .and removal of nitrogen was not given serious consideration. 
But of late, many researchers as well as field personnel are aware that 
removal of ammonia nitrogen is an essential item to be considered 
because its presence can contribute to development of various problems 
in receiving streams--such as eutrophication, reduction in dissolved 
oxygen, toxicity to fish, and formation of chloramines if the effluent 
is chlorinated, 
Water quality coordinating committees have suggested guidelines to 
control pollution and to maintain the best quality which will result in 
an equitable balance of social and economic benefit to the state. 
Therefore, preventive measures are necessary to overcome these un~esir-
able water quality characteristics. The important forms of nitrogen in 
wastewater are organic nitrogen (such a·s proteins and! amines), armnonia, 
nitrite, and nitrates, Nitrogen in wastewater may be removed by several 
methods (5): 
l, biological unit processes: a) algae harvesting, b) nitrifi-
cation and denitrification, c) bacterial assimilation 
2, ammonia stripping 
3, chlorination 
4, treatment of digester supernatant 
5, ion exchange 
6, land application 
7. reverse osmosis 
8. carbon adsorption 
9, chemical precipitation 
10, electrodialysis 
Biological nitrification in the activated sludge process has been 
6 
given wide attention in an attempt to utilize the existi,ng facilities, 
During nitrification, a series of reactions convert organic and ammonia 
nitrogen to nitrate, For this bacterial process, oxygen is drawn from 
ava i 1 ab le resources to a 11 ow the react ions to proceed. 
Despite the number of extensive studies reported previously regard-
ing extended aeration, there is a lack of research in the investigation 
of removal of nitrogen at various organic loadings. It would be wise 
from an engineering standpoint to determine for what organic loadings 
nitrification would be possible .. 
The aim of this research can be generally stated as follows: 
1. To provide more information for design and operational pro-
cedures pertinent to the extended aeration process incorporating the 
II hydro l yt ic . ass i st . 11 
2. To investigate the possibility of nitrification in the extended 
aeration process to achieve nitrified effluents for various higher 
organic loadings. 
3. To obtain necessary operational data from predetermined with-
drawal schedules during hydrolysis to determine the feasibility of the 




Extended aeration treatment is one of the various modifications to 
the conventional activat.ed sludge processes. Porges and his co-workers 
(6)(7)(8) were the first investigators to report the concept and theory 
of total oxidation. They concluded that during high rates of endogenous 
respiration, microorganisms oxidize their own tissue and do not allow 
sludge to accumulat~. They also ·reported that a portion of the .. soluble 
organic dairy waste they employed as substrate was converted to cell 
material and later auto-oxidized. Thayer (9)(10) designed plants with 
detention times varying from 36 to 40 hours in the aeration tank, and 
two to four hours in the settling tank for treating milk wastes. They 
obtained 96 percent purification efficiency. 
Symons and McKinney (11) from their studies on soluble organic sub-
strates concluded that the accumulated material which was observed to be 
mostly extracellular polysaccharides was resistant to biological degrad-
ation. Thus, they put forth their opinion that if no sludge was wasted, 
the extended aeration process cou 1 d not perf arm succes.$fu 11 y. . 
A series of experiments with different loadings was conducted by 
Busch and Myrick (12) to determine the limitation of the total oxida-. 
tion process. From these studies they came to a conclusion that total 
oxidation is neither theoretically nor practically attainable, and a 
7 
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buildup of biological solids is inevitable. 
The report of McCarty and Broderson {13) is particularly interest-
ing, . They expected that nitri.fication in the aeration tank would ca.use 
false values for BOD removal efficiency as well .as increase the possi-
bilities for a rising sludge in the settling tank. 
Long-term studies of Washington, Hetling, and Rao (14) showed that 
the system did not reach a steady state condition, but demonstrated 
periods of increasing biological solids as well as periods of decreasing 
biological sol ids. They felt that the period of decreasing solids was 
due to adaptation of an organism to the accumulated sludge. 
Sawyer (15) presented a few guidelines, which include an aeration 
time of 24 hours, a BOD loading of about 15 lbs BOD/day/1000 cu ft and 
5000 to 8000 mg/1 biological solids concentration, for satisfactory 
operation of the extended aeration process. 
After noting the controversy regarding the feasibility of achiev-
ing oxidation through the extended aeration process, Gaudy and his co-
workers conducted long-term systematic experimental work and concluded 
that the concept of total oxidation was consistent with sound microbio-
logical theory,· Ramanathan, Gaudy, and Ragthaidee (1) in their studies 
on shock loading {500 to 2500 mg/1 glucose) showed that there was con-
siderable operational stability of the extended aeration process under 
shock conditions. During another series of experiments, Gaudy, Raman-
athan, Yang, and DeGeare (2) after nearly two years of study, concluded 
that an extended aeration pilot plant can be operated with good biochem-
ical efficiency without sludge wasting and continual solids accumu.lation. 
Also, investigations conducted by Obayashi and Gaudy provided direct 
evidence that extracellular polysaccharide serves as an oxidizable 
carbon source for growth of microorganisms. 
11 Hydrolytic Assist 11 
The 11 hydrolytic assis.t 11 is an engineering modific.ation to the 
process to accelerate biological autodigestion. In the pilot plant 
studies previously cited (2) it was observed that at times, the cell 
f 
concentration became so great that it caused settling problems in the 
f 
clarification chamber and loss of biological solids in the effluent. 
9 
To aid biological autodigestion, an engineering solution to this prob-
lem was suggested by Gaudy, Obayashi, and Yang (3) known as the 11 hydro-
lytic assfst. 11 They suggested a rather innovative process modification 
for the extended aeration activated sludge process which incorporated 
periodic chemical hydrolysis for control of sludge concentration. 
Yang and Gaudy (16) recently reported the results of pilot plant 
studies in which the 11 hydrolytic assist 11 was employed. The inflowing 
substrate loading was 300 mg/1 glucose, and 900 ml sludge were with-
drawn weekly for hydrolysis and refeeding to the aeration chamber over 
the succeeding weekly period. The conditions of hydrolysis were the 
same as those previously re.commended by Gaudy, et al. (16). The pH was 
adjusted to 1.0 and the sludge was autoclaved for five hours at 121°c 
and 15 psi. The hydrolyzed sludge was then neutralized and fed back to 
the aeration chamber along with the synthetic waste. The results indi-
cated that an extended aeration activated sludge process could be suc-
cessfully operated using the 11 hydrolytic assist. 11 Biological concen-
tration in the system was controlled at a pre-determined level, and 
effluent quality was very good. Also, the system produced a highly 
nitrified effluent •. 
10 
In their experiments on the process suggested by Gaudy and his co-, 
workers, Patterson and Tarasingh {17) reported that adjustment of pH 
LO plus heat treatment was an effective method of liquefying high mol-
ecular weight cellular components. Solids reduction of 60 to 70 percent 
was observed with a residual of 30 to 40 percent non-solubilized sludge 
solids, 
Bulking Sludge 
Because of the high biological solids concentration in extended 
aeration processes, some discussion of sludge bulking seems warranted. 
One of the most common causes of bulking is the proliferation of fila-
mentous growth, Heukelek1an and Weisberg (18) concluded that zoogleal 
bulking and filamentous bulking were completely different phenomena. 
The activated sludge could have a high sludge volume index (SVI) with-
out being very filamentouso · Finstein and Heukelekian (19) reported that 
in some activated sludge processes, the SVI of the sludge produced was 
directly proportional to the number and length of filaments projecting 
from the particles, 
Farquhar and Boyle (20) developed techniques for identifying fila-
mentous organisms at sludge plants, Most of the organisms commonly 
associated with the bulking are found to be Sphaerotilus and Thiothrix. 
Generally, area:volume ratio is higher for free-growing filamentous 
organisms than for spherical aerobes, On this basis, Pipe~ (21) sug-
gested the filamentous organisms have a metabolic advantage in activated 
sludge reactors with high soluble organic substrate, low dissolved oxy-
gen, or low nutrient condition, Sphaerotilus, Beggiatoa, Bacillus •. and 
Geotricum cause filamentous bulking in activated sludge generally. He 
11 
also presented some useful guidelines to discover the cause of bulking. 
Elizabeth Gaudy and Wolfe (22) found that Sphaerotilus can produce large 
quantities of extracellular polysaccharide, and observed formation of 
floe particles in a pure culture.· Charles and his co-workers (23) 
through their laboratory tests, showed that the addition of H2o2 to the 
sludge recycle during ~haerotilus filamentous bulking in an activated 
sludge process reduced the SVI to controllable levels. 
The Nitro·gen Cycle and Water Pollution 
Extended aeration processes usually provide for a high degree of 
nitrification, thus some discussion of the various forms of nitrogen in 
the waste should prove helpful, 
Natural sources that contribute significant quantities of nitrogen 
compounds include domestic and industrial wastes, runoff from agricul-
tural land, animal waste, and urban runoff. Biologists and chemists 
fol lowed various nutrient cycles and quantifie.d their importance and 
sources, while pollution contra 1 engineers have turned their efforts to 
development of methods of removing nutrients from wastewaters .before 
they enter a waterway, Clean, natural waters rarely contain more than 
0,1 ppm ammonia nitrogen, while community sewages commonly contain 15 
to 50 mg/1 (NH3-N), Nitrification is brought about, Jn the main, by the 
microorganisms Nitrosomonas and Nitrobacter, Present biotechnology 
recommends removal or treatment of unoxidized nitrogen in addition to 
chemical oxygen-demanding organic matter and suspended solids, 
Sawyer and his co-workers (24) during their laboratory studies 
felt that the rate of nitrification depends on temperature and pH, and 
optimum pH was found to be 8,4, They reported that ammonia nitrogen 
12 
concentration of less than 60 mg/1 did not inhibit nitrification, and 
concluded that the time required for nitrification is directly propor-
tional to the amount of nitrifiers present in the system. They also 
found that the DO content in the nitrification tank is very important; 
however, there are differences of opinion regarding the governing 
factors, 
Jerzy (25) reported that normally, nitrification in an activated 
sludge process may be attributed to loading parameters, He tried to 
explain the observed nitrification inhibition by means of the mixed 
liquor pH values, Beckman and his co-workers (26) from their studies 
concluded that biological nitrification depends on temperature, and 
optimum temperature was found to be l8,3°C (65°F). They reported that 
F:M ratio of 0,25 or less would be optimum, The important contradict-
ing observation that was noticed was that the pH had no significant 
influence on the rate of ammonia removal, 
According to Down1ng 1s disc~ssion (27) on the effect of pH value 
on nitrification 1n the activated sludge process, the optimum range of 
pH values for Nitrosomonas was found to be between pH 7 and pH 9, and 
for Nitrobacter, in the range pH 7,0 to 8,6, 
Ammonium and nitrite are oxidized according to the following 
stoichiometry (28): 
- l Ni trobacter -N02 + 2 o2 >N03 
These reactions furnish energy for the growth of the nitrifying 
bacteria during which some of the nitrogen is assimilated into 
13 
bacterial protoplasm, carbon dioxide being used a''S a source of cell 
carbon. The equations given below show the nitrogen required for 
growth and energy for Nitrosomonas and Nitrobacter (28): 
Nitrosomonas 
Nitrobacter 
Excellent nitrifying characteristics in an extlended aeration 
process operated with the 11 hydrolytic -assist 11 were reported by Gaudy 
and Yang (29)o 
. Drews and co-workers (30) during their studies on the 11 orbal 11 
extended aeration process reported that the effluent quality was excep-
tionally good,.and high nitrogen dissipation rates were observed for· 
low BOD loadings even though there were low DO concentrations, usually 
less than one mg/1 (or O mg/1) in the channels. Various investigators 
al so reported production of highly nitrified effluents at extended 
aeration plants (31}o 
CHAPTER III· 
MATERIALS·AND METHODS 
To study the performance and the nitrifying characteristics of the 
effluent of the activated sludge process, a bench-scale extended aera-
tion pilot plant was operated under closely controlled conditions.. For 
ease of presentation, the experimental laboratory apparatus, the feed 
solution, initial startup, daily protocol, analytical procedures, and 
methods of data analysis used to carry out the objects of this study 
are described separately. 
Experimental Laboratory Apparatus 
A schematic diagram of the pilot. plant with other apparatus used in 
this experimental investigatio,n is shown in Figure 2 •. A 12-liter plexi-
glass reactor with internal recycle of bacterial cells served as the 
aeration tank and secondary clarifier. An adjustable baffle was used to 
separate the aeration .and settling compartments. The tota·l volume of 
the unit was 12 liters; the aeration chamber and clarifier volume were 
eight and four liters, respectively. A feed rate of 12 liters/day (24 
hours) was set to provide a hydraulic detention time of 16 hours in the 
aeration chamber, and eight hours in the settling tank. 
Air was supplied through four porous diffuser stone~ at a total 
rate of approximately 2000 cc/min/1. This compressed air was not only 
adequate to provide thorough and complete mixing and supply sufficient 
14 
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oxygen for the microorganisms, but also' created required movement to 
recycle solids from the settling tank compartment. To protect the bio-
logical system from oil contamination which is occasionally present in 
the compressed air supply, two filters--a cotton filt~r followed by a 
water filter--were placed in the line, as shown in Figure 2. Tempera-
ture was maintained at 23 ! 2°c. 
A Milton Roy dual positive displacement pump {Mini-pump Model MM2~ 
B-96R) was used to provide a conti~uous flow of feed solution to the 
aeration tank. The feed lines were disinfected by pumping one percent 
solution of Clorox for at least one hour, followed by tap water to 
cleanse the lines of the disinfectant •. One of the feed lines wa,$ being 
disinfected while the other was being used. Pumping rates were checked 
periodically by means of.a graduated cylinder and stopwatch. 
Feed Composition 
Chemical composition of the synthetic waste used in this study is 
listed in Tables I, II, and III. The influent substrate concentrations 
were 1000, 1500, and 2000 mg/1 glucose+ hydrolysate which resulted in 
organic loadings of approximately 100, 150, and 200 lbs COD/1000 cu ft 
aeration capacity {on the basis of aeration tank volume), or 66, 100, 
and 133 lbs COD/1000 cu ft on the basis of the total volume of the sys-
tem during continuous flow operations. The feed pH was maintain;d at 
I 
approximately 7.3, and considerable care was exercised in the prepar-
ation of phosphate buffer solution. The effective pH of a buffer sol-
ution made from phosphate salts was determined by the ratio of their 
molar concentrations, according to the following ~quation {32): 
TABLE I 
CONSTITUENTS IN THE FEED DURING OPERATION WITH SUBSTRATE LOADING 









Phosphate buffer 1o0 M, pH 7.6 
· (KH2Po4 + K2HP04) 
Tap water 
Di sti 11 ed water 
l 000 1119/l 









ta val ume 
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TABLE II 
CONSTITUENTS IN THE FEED DURING OPERATION WITH SUBSTRATE LOADING 
CONSISTING OF 1500 mg/1 GLUCOSE AND VARIABLE AMOUNTS OF 
SLUDGE HYDROLYSATE. 
Glucose 1500 m~/1 
Hydrolysate COD 100-150 mg/1 
{NH4)2so4 750 mg/1 · 
MgS04°7H20 l 5p mg/1 
FeC1 3·6H20 0.75 mg/1 
CaC1 2 • 11.25 mg/1 
MnS04·H20 15 mg/1 
Phosphate buffer 1 .o M, pH 7 .6 
(KH2Po4 + K2HP04) 15-45 ml/1 
Tap water 150 ml/1 
Distilled water to volume 
19 
TABLE III 
CONSTITUENTS IN THE FEED DURING OPERATION WITH SUBSTRATE LOADING 
CONSISTING OF 2000 mg/1 GLUCQSE AND VARIABLE AMOUNTS OF 
SLUDGE HYDROLYSATE 
Glucose 2000 mg/1 
Hydrolysate COD 150-200 mg/1 
(NH4}2so4 1000 mg/1 
MgS04 ·7H20 200 mg/1 
FeC1 3·6H20 1.0 mg/1 
CaC1 2 15 mg/1 
MnS04·H20 20 mg/1 
Phosphate b~ffer, 1.0 M, pH 7.6 
(KH2Po4 + K2HP04) 20-60 ml/1 
. Tap water ~00 ml/1 




An initial seed of microorganisms was taken from a well-operating. 
1 aboratory extended aeration activa~ed sludge system similar to the one 
previously described. The original inoculum for this activated sludge 
was obtained from the primary clarifier effluent of the municipal sew-
age treatment plant at Stillwater, Oklahoma. The unit was operated on 
a batch basis until the sol ids concentration ,had built up to approxi-
mately 2500 mg/1, The organisms were batch-fed with 1000 mg/1 substrate 
concentration on a once-a-day basis for three weeks. One-third of the 
total volume was wasted .from the supernatant after allowing the cells to 
settle for an hour each day. and again made up to the volume (12 liters) 
with distilled water, 
When the solids concentration reached approximately 2500 mg/1, the 
unit was switched to continua.us flow operating conditions. The contin-
uous extended aeration pilot plant used in this study was similar to 
that used by David Scott (33) in his studies on the extended aeration 
activated sludge process with the 11 hydrolytic as.si st. 11 The parameters 
which were monitored daily are shown in Table IV. 
11 Hydrolytic Assist 11 
The typical flow diagram for the 11 hydrolytic' assist 11 is shown in 
the lower portion of Figure 3. The hydrolysate was prepared by. taking . 
90 ml of settled s1 udge per we.ek from the settling compartment of the 
pfl at p 1 ant, The pH of the removed s 1 udge was 1 owered to pH !1 • O with 
concentrated sulfuric acid (N 36). The sludge was then placed in an 
autoclave for five hours at 15 psi and 121°c. · The hydrolyzed sludge 
was then neutralized to pH 7 with potassium hydroxide (N 10) and fed 
TABLE IV 
PARAMETERS MONITORED DAILY 
I. Feed 
IL 
A, Chemical Oxygen Demand 
B, pH 
Filtered Effluent 
A, Chemical Oxygen Demand 
B. Total NH3-N Concentration 
C, Total N02-N Concentration 
D, Total N03-N Concentration 
III, Unfiltered Effluent 
A, Chemical Oxygen Demand 
B, Suspended Solids Concentration 
!Vo Biological Reactor 
A,. Total System Microorganism Concentration 
B, Dissolved Oxygen in the AeraUon .Basin 
C, Dissolved Oxygen in the Settling Tank 
D" pH 
22 
Figure 3, Extended Aeration Activa~ed Sludg~ Process Incor-
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along with glucose minimal medium to the system. Thi~ hydrolysate was 
equally divided intp seven parts by volume, and was fed to the system 
at the rate of one part per.day. This normally increased the organic 
loading by approximate·ly TOO to 300 mg/1; depending upon. the hydroly~ 
sate concentration. 
Daily Protocol. 
Every effort was made to develop operating procedures leading to 
efficient and accurate collection of data •. Table IV shows .the para-
' meters which were monitored and recorded daily, Twenty-ml salTJpl es of 
the fresh feed (51) and the supernatant (Se) were removed for the chem-
ical oxygen demand (COD) determination. A·SO-ml effluent sample was 
collected in a ;gradijated cylinder for the determination pf effluent 
solids concentration (X~). Fr~m this filt;ate~ a 20-~l sample was 
removed fort.he determination of chemical oxygen demand (Se'FIL); the 
remaining effluent was placed in a glass vial and frozen for later 
determination of NH3-N, N02-N~ and N03-N. 
Every day before changing thefeed, the effluent line wasplugged 
and the feed was momentadly sh.ut off, The dividing baffle was then 
lifted and the contents. of the total system were. allowed to.mjx com-
pletely. Then a 25-ml sample was pipetted from the unit for de.termina-
tion of sol ids concentration (X) in the total system, and the dividing 
baffle was again r~placed •. The settling chamber effluent plug was 
removed and the feed restarted, The uni·t was then back on continuous 
flow operation. This procedure allowed a direct assessment .. of the 
course of changes in sol.ids .concentration in the total system. Feed, 
mixed 1 i quo.r, and effl uen.t were checked for pH~ 
26 
The concentrations of dissolved oxygen in the aeration ,tank and 
settling tank were measured by a Weston and Stc1.ck oxygen analyzer. A 
Precision Scientific galvanic ce.11 oxygen analyzer wasalso used 
occasionally to measure the di sso 1 ved oxygen in accordance with the pro- · 
cedures given in the operating instructions supplied with .the instrument 
(34), 
Analytical Procedures 
In this investigatio~, the chemical. oxygen demand, biological .sol-
ids concentratfon, NH3-N, N02-N, and N03-N concentrations, pH, and dis-. 
solved oxygen were monitored daily, The following is a brief descrip-
tion of the methods and equipment used to measure these parameters:. 
Chemical Oxygen Demand 
Chemical oxygen demand determinatiqns were made in accordance with . 
Standard Methods (35), 
Biological Solids Concentration 
The concentration of the biological so.1 ids were determined by fil-
teri·ng the appropriate volume through membrane filters (0.45µ pore size, 
(Millipo.r~ Filter Corp,, Bedford, Mass,). The filter pads were.placed 
in light.weight aluminum tare pans and dried at 103°C in a dryir:ig oven 
for two hours. Then the filter pad~ were cooled to room temperature in 
a calcium carbonate desiccator and the initial weights of tbe pans were 
determined, All weights were obtained by using a Gram-ATIC balance 
(Fi sher Scientific Company) • Known . volumes of samp 1 es were centr.i fuged 
with a Ser-Vall Superspeed centrifug'e type SS-lA (Ivan So.rvall, Inc.) 
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for five to ten minutes. Then these centrifuged ~a~~les were filtered 
with the aid of a vacuum pump. The supernatant from the centrifuge sam-
ple was filtered first; the pellet of solids which was formed was 
removed with the aid of a spatula and placed on the filter. Filtrate 
samples were taken at this point for COD determination. The centri-
fuge tubes were carefully washed in distilled water to remove any sol-
ids particles that might have adhered to th~ sides of the tubes. After 
filtration, the pans were replaced in the drying oven for two hours at 
l03°C, cooled .in the calcium carbonate desiccator, and weighed to deter-
mine the biological solids concentration. 
Dissolved Oxygen 
Dissolved oxygen concentration was monitor.ed both in the aeration 
chamber and settling tank electrometrically, as previously described. 
Microscopic Examination 
Periodic microscopic analyses of the aer~tion ,tank mixed. liquor 
were performed. Predominant morphological forms of microbes were 
recorded. 
Nitrogen 
Ammonia nitrogen was.determined py a method developed by Ni.ss and 
described by Ecker and Lockhart (36). 
Nitrogen (nitrite) determinations were made in accordance with 
Standard Methods (35). Nitrogen (nitrate) N03-N was dete.rmined by the 
Brucine method (tentative) as outlined in Standard Methods (35). 
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the pH was determined by the u,se of a Beckman Expan,domatic SS-2 
pH meter. Periodic standardization of the meter at pH valt.tes of 4, 7, 
and 10.0 ensured accuracy of the readings. 
Methods of Data Analysis 
I. 
Treatment purificatiqn or chemical oxygen demand removal effi-
ciencies were calculated according to these expressions:, 
a) Efficiency based on filtrate COD: 
where 
E = COD removal efficiency,,percent 
s1 = influent substrate concentration, mg/1 
S0 (FIL) = filtered effluent substrate concen:tration., mg/1 
where 
b) Efficiency based on unfi 1 tered effluent or supernatant: . 
Es = COD remova 1 efficiency based on supernatant, percent 
S; = influent ,substrate concentrat-ien, ;mg/1. 
Se= supernatant substrate concentration, mg/1 
CHAPTER · IV . 
RESULTS 
The reactor was inocu.lated with effluen,t from ·the primary clari-
fier ·of the municipal sewage treatment plant of Stillwater, Oklahoma, 
' 
and after three weeks of "batch" development .of sol ids to a concentra"". 
tion of 2500 mg/1 on daily feedings·of 1000 mg/1 glucqse plus mineral 
salts, _the unit was changed over to continuous flow on September 71 
1973, and the 1000 mg/1. substrate concentration in the feed continued~ 
This pilot plant operation was ,.started with a view .to investigate 
the possibility of nitrification in the extended aeration process and 
to determine for what organic loadings nitrification would be possible 
in such a process incorporating the "hydrolytic assist.11 Fortunately--
or unfortunately, as the case may be--there was slight indication of 
bulking sludge during the ninth and tent.h days:after starting ce;>ntinuou~ 
operation; by that time the biological sol.ids ,concentration incr.eased to 
5000 mg/lo Thus, early investiga~ional efforts were directecl toward 
solving the bulking ,problem. 
The results obtained during ~his investigation are presented in 
four phases in the followin~ order:: First, studies ~ere perfenmed to 
' I , 
test the effectivenes.s of the ''hyorolytic assist 11 process as a means of 
' 
controlling· bulking sludge essentially by a change in species pr;~domi-
I . 
nance •. The second, third,.and faurth phases present informatien on the 
operational performance and nitrifying characteristics of the extended 
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aeration process incorporating periodic "chemical assists, 11 while grow-
ing on 1000 mg/1, 1500 mg/1, and 2000 mg/1 of gluco.se + hydrolysate as 
carbon ·source (in accordance with TabJ es I, II, and II I). 
Phase I 
Studies to Test th! tffectiveness of the 
11 Hydrolytic Assist" Process as a Means of 
Overcoming Bulking Sludge 
On September 15th (day 9), microscopic examination of we:t mounts 
from the settling tank revealed the presence of filamentous microorgan-
ismso · The biological solids. concentration. in the total system was 5000 
mg/1. The pH in the aeration .tank was 7.1. Very poor settling in the 
clarifier and escape of solids .in the effluent were noticed, but there 
was very good purification efficiency of 98,4 percent based on filtrate· 
CODo · Previous studies (33) had indicated a possibility that the 
11 hydrolytic assist" could be used to help bring about a change in the 
population from filamentous microorganisms to other more flocculatable 
species in the heterogeneous populations, In order to investigate this 
possibility in the present study, one-fourth of the total volume of the 
system (3000 ml) was withdrawn and subject,ed to acid hydrolysis (day 15, 
Figure 4) o The solids ,concentration at the time of withdrawal had 
dropped, because of poor settling·, to 2636 mg/1 and decreased to 1970 
mg/l because of withdrawal of ,3000 ml of sludge. The neutralized hydrol-
ysate was fed back to the system along with .1000 mg/1 glucose at the 
rate of 1/7th volume of hydrolysate per day during the subsequ.ent week 
(Fig·ure 4). Microscopic examination of the hydrolysate indicated the 
absence of filaments o Again on the 22nd day, . 3000 ml of .s 1 udge was 
Figure 4, Performance Characteristics of a Hydrolytically-
Assisted Extended Aeration Process Pilot Plant 
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withdrawn from the final clarifier ... At the end of this withdrawal 
period, the mixed 1 i.quor suspended sol ids ,in the. un'it was reduced from 
5800 mg/1 to 3900 mg/1. · The withdrawn sludg~ was hydrolyzed, neutral-
ized, and fed back to the system along with 1000 mg/il glu_cose. One of 
the methods for-control of non-settling sludge previouslr found to be 
useful in -0ther studies in our laboratories (33)(37} is through the. 
addition of ·chemical flacculants. Therefore, beginning on day 15, the 
system also received periodic slug doses of ferric~chloride. This 
caused no 'effect on the purification ,efficiency as measured by filtrate 
COD, but there was. a beneficial ·effect on sludge settleability and com-
pactness of the sludge in the clarifier. Many filamento.us organisms 
are aerobic, while most of the bacteria are facultative and can exist 
for extended periods of time without oxygen. It has been suggested in 
the literature that anaerobic-condi~ions·for a ·short period of time may 
. ' 
eliminate the growth of filament·(38), To facilitate anaerobic environ-
ment, the air supply was.discontineued for four hours· on days 15,and 17. 
However, it was felt that such P procedure could do more harm, ,to the 
system as a whole, and this practice .was discontinued,. 
By day 30, microscopic examination revealed considerat;,1y reduced 
amounts of filathentous organisms and the presence of many,protozoa in 
the mixed liqua,r •. Also .the'.re was,a signific,ant increase in bioJogical 
' 
solids concentration (5900 mg/1.}; i.e., the sludge was being retained in 
the system because it was .now settling in the clari,fier. By the end of 
the Phase I operation~ there was a pronounced decrease' in the al)'lount of 
filamentous forms, and ·those which were present appeared_to,be very 
short i~ length. 
During this phase·of -0peration, NH3-N, N02-N, and N03-N of the 
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pilot plant effluent were determined. periodically. · During .the period 
of sludge bulking .in the unit, there was no trace of nitrification and 
' : ' I 
effluent NH3-N was about 90 to 95 percent of the influent ammonia ni tro-
gen (106 mg/1}., However, by the time the unit came to a more normal 
conditiqn with regard to settleabil ity and retention of biological 
solids, traces of nitrification were observed in the effluent. 
Phase II 
Performance Characteristics of the Extended 
Ae~ation Pilot Plant Operating With the 
11 Hydro1ytic Assist" at an Organic Lo.ading · 
of 1000 mg/1 Gluco.se + Hydrolysate 
Figure 5 shows the performance of the pil at ,P 1 a·nt during da.ys 24 to 
69 while operating with 11 hydrolytic assist 11 . at substrate concentration 
of 1000 mg/1 glucose + hydrolysate (Table I). ' The prime aim of prepar-
ing hydrolysate was to provide a control over the biological solids con-
centration by initiating the de-accumulation periods through chemical 
hydrolysis of portions ·of the ce.lls ,prior to, their recycle, . Every week 
a 900-ml volume of sludge was withdrawn from the clarifieir, The arrows. 
at the top of the figure show the days on which sludge was withdrawn and 
hydrolyzed. It is se.en in thfa figure that this mode of operation pro-
vided for rather good and stable operation from d~ys·28 to-48, i.e., 
through three sludge withdrawals and refeeding periods. The bioc.heroical 
removal efficiency was 96 percent based on filtrate COD, and 92 percent 
based on unfiltered COD, · Th~ average .~i'°lo,gi.cal sol.ids .concentration tr'I 
t~e effluent during this tim~ was 36 mg/1. · The average filtrate COD in 
Figure 5, Performance Characteristics of a Hydrolytically- . 
Assisted Extended Aeration Process Pilot Plan~ 
From Day 24 to Day 69 of Operation 
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the effluent was 48 mg/1 , and the average unfi 1 tered COD in the effluent 
was.99 mg/1. The·average ·biological solids concentration in the total 
system was 6192 mg/1, and the 11 food 11 to microorganism ratio was 0.21. 
. . ' 
Throughout this phase of st11dy, pH 7 .2 was,.maintained in the system. · 
Between days 46 and 57, biological sol ids concentration decrea~ed 
from 6800 mg/1 to 3250 mg/1. During this period, the effluent solids 
concentra.tion ros~ only slightly. There: was a slight rise in the COD 
of the effluent, and the biochemical efficiency based on filtrate COD 
al so dropped from. 96 to 92. · percent. · The pH was che)cked frequently to 
make sure that acid conditions did not develop. Howe'ver, during the 
decrease of sol ids concentration,. some froth was formed on the surface 
in the aeration tank, and it appeared· that a portion of the sludge had 
undergone a gradual lysi.s. The symptoms were similar, to observations 
made by previous researchers during a period of sG-lid de-accumulation 
(2), It is very interestirig to note that dur1nf the 11 lysis 11 period, 
the nitrification .in the system increased to 95 percent, and at times, 
al 1 of the ammonia nitrogen in the influent was converted to N03-N. The 
11 food 11 to microorganism ratio incr:eased from 0.16 to 0.48. From days 49 
to 54, the NH3-N concentration had decreased to essentially trace 
amounts, ~nd a highly nitrified effluent was being produced. It is sig-
nificant to note that during operation ~f the pilot plant even with the 
11 hydrolytic assist11 there were periods. of biol bgi ca 1 accumulation .and 
de-accumulation but ali,siderably shorter in·duration and lower in magni-
tude than those which existed without 11 hydrolyti.c assist" (2)(3) •. 
Be.tween days 60. and 68, the substrate concentration ,was increased 
gradually from 1000 mg/1 .glucose+ hydrolysate to 1500 mg/1 glucose+ 
hydrolysate. The biochemica.l efficiency of the systam remained above 
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96 percent. During this period, the effluent solids concentration 
inc~eased and there was also a rise in supernatant COD~ The food to 
microorganism ratio varied between 0.48 to 0.28. At the beginning of 
this new period of solids buildup in the system, the NH3-N in the 
effluent increased and N03-N decreased gradually to 40 mg/1. The 
N02-N i,s not plotted in the figure, but there was normally only a trace 
amount present. The pH in the system was maintained at 7.2 by adding 
a few drops,of potassium hydroxide (N 10) at regular intervals. 
The dissolved oxygen recorded .in the aeration tank and settling 
tank varied between 5 mg/1 to 7 mg/1,, and zero mg/1 to 2 mg/1, respec;.. 
tively. Occasionallj, rising sludge was noticed during th~ periods of 
high nitrification in the unit. In particular during nitrffication 1 , 
the pH in the system often decreased to pH 6.8 and it was brought back 
to pH 7.2 by adding a few drops of potassium hydroxide at regular 
intervals. 
Phase III 
Performance Characteristics of the Extended 
Aeration Pila~ Plant Operating With the 
11 Hydrolytic Assist 11 at an Organic Loading of· 
1500 mg/1 Glucose'+ Hydrolysate 
Thi~ phase began on day 69. The unit was brought gradually to 
substrate concentration of 1500 mg/1 glucose + hydrolysate (Table II) ... 
. . 
The performance characteri sties are shown in Fi.gure 6, Gradually, 
after increasing the substrate concentration to 1500 mg/1 glucose+ 
hydrolysate, the sol ids .in the system 1 eveHed off at approximately 
Figure 6 .. Performance Characteristics of a Hydrolytically-
Assisted Extended Aeration Process Pilot Plant 
From Day 69 to Day 124 of Operation 
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5200 mg/1 (see days 69-78). The effluent solids concentration occasionally 
increased to 100 mg/1, and there was also a rise in the supernatant COD 
or effluent COD, but the biochemical efficiency of the system remained 
above 95 percent based on filtrate COD. · The influent N'.H3-N was 160 mg/ 1 . 
and effluent NH3-N was one-fourth that of influent. The N03-N was,50 
mg/1. and gradually the ·system produced a highly ni,trified effluent. 
From days 78 to 92l biological solids ~oncentration increased from 
. 5000 to 8000 mg/1, and the biochemical efficiency of the system remained 
above 97 percent, based on filtrate COD. Also., .as can be seen in the 
figure, the biological solids ;concentration in the effluent was small 
(8 to 30 mg/1). and the u~filtered COD, i.e., the supernatant COD or 
effluent COD, remained low. Microscopic examir1ation indicat.ed insig-
, 
nificant amount of filamentous organisms. It is recalled that these 
studies were made at COD:N ratio of 10:1 in the synthetic waste feed, 
and that additional nitrogen was conta.ined in the hydrolysate, .It can 
be noted from the. figure that NH3-N in the. effluent had reached negl i-
gible quantity, whereas N03-N fluctuated between 50 mg/1 to . .200 mg/1 .. 
It is seen that at times, practicalJy all ofl the influent nitrpgen in 
the synthetic waste appeared in the effluent·as N03-N. Sufficient care 
was always·taken to see .that the pH did not go below 7.0; rather it was 
always maintained at 7 ,3. The dfssolved oxygen monitored in the aera~ 
tion tank and clarifier .varied bet.ween 5 mg/1 to 7 .5 mg/1, a.nd zero 
mg/1 to 2 mg/1 ~ respectively .. 
Between days 92 to 114, the unit operated rather steadily with 
respect to effluent quality. During ,this period, the biochemical effi.- · 
ciency in the. system remained above 95 percent based on filtr.ate COD, 
and the eff.1 uent. so 1 ids .concentration was. very. 1 ow •. The unfi 1 tered COD 
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was al so low, and in general the operational behavior of the unit was 
excellent with very good settling characteri sties of sl udg~ in t~e 
clarifier. At times, the sludge withdrawn for hydrolysis had a very 
high concentration; for example, .on day 106 it was nearly:30,000 mg/1. 
In general, compaction was good and the solids concentration in the 
clarifier was approximately four times the concentration in the aera-
tion tank or three times.the concentration ,of the total s1~tem. The 
unit did not exhibit. proQlems such as rising sludge, bulking .sludge, 
or turbid effluent. ,The color of the effluent in general was light 
yellow, but unfortunately, the nitrification in the system diminished 
gradually from 95 percent to 40 percent with respect to infl~ent. · The 
11 food 11 to microorganisms ratio v.aried between 0.25 to 0.17 in the total 
s1stem during this period .. 
Phase IV 
Performance Characteri sties of the Extended 
Aeration Pilot Plant Operatihg With the 
11 Hydrolytic Assistll at an o.rganic Leading 
of 2000 mg/1 Glucose+ Hydrolysate 
Studies were also made. at an organic.loading of 2000 IJlg/1 glucose' 
plus hydrolysate (Table Ill) in the extended aeration ·unit. Figure 7 
shows the total performance during the period between days l19 and 174, 
The organic loading was increased gradually from 1500 mg/1 glucose+ 
hydrolysate to 2000 mg/1 glucose+ hydrolysate between days 119 and 122, 
From days 119 to 134, .the bi.ological solids concentration ,rose from 9300 
mg/1 to 13,000 mg/1. Weekly withdrawal of 900 ml ·of ·sludge from the 
Figure 7, Performance Characteristics of a Hydrolytically-
Assisted Extended Aeration Process Pilot Plant 
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clarifi~r and refeeding the hydrolyzed sludge after neutralizing the pH 
was continued in the usual way.as explained previously. - The biochemical. 
efficiency of ·the system remained, above 96 percent and also, as can be -
seeniin the figure, the biological solids concentration iri the effluent 
was in general belo~ 50 mg/1; the 1.1nf11t~red COD, i.e .• the supernatant 
COD {Se)' remained low. The 11 food 11 . to microorganism ratio .varied between 
0.16 to 0.22. These studies .were also made at;CQD:N ratio of 10:1. The 
pH .was· checked frequently to assure that acid conditio.ns did not_ develop 
so that a favorable environment was being maintaine~ for.nitrifiers in 
the system. The NHrN concentration in the filtrate :effluent increased 
gradually from 60 mg/1 to 130 mg/1, whereas the N03-N varied between 40 
mg/1 and 20 mg/1? · Nitrite was present in trace·amounts (often less than 
0.1 mg/1), _ 
Between days 134 and 154, the biol-0gi~al so,ids ~oncentration 
decreased slowly. from 13,000 mg/1 to 10,810 mg/l, a11d the bioctJemical 
efficien¢y remained always above 96 percent. Biological solids cGncen-
tration in th.e effluent ranged from 6 ingn to 70 mg/1, and in most 
cases it was approximately 30 mg/1. The 11food 11 to micrQorganisf\l ratio 
I 
varied between 0._19 and 0.22. Also, as can be seen in the figu~e~ there 
wa·s not much change fo · unfi Hered COD, and it ranged between lOP mg/1 
and 150 mg/1 • The NH3-N in the. effluent varied from 150. mg/1 . to 200 
mg/1, where~s tt:ie influent NH3-N was 212 mg/1.· During ,this per·iod, the 
NH3-N in the effluent _further decreased from 20 mg/1 to 10 mg/1, and 
the N02-N in the effluent was occasionally 1 ess than O. l mg/1. . 
From.days 154 to 174, biological solids concentration was main-
t~ined at approximately 10,500 mg/1, and the unit was in a relatively 
I+ : 
steady condition during this period.-· The biochemical efficiency was 
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always above 96 percent based on filtrate COD. Biological solids con-
centration in the effluent in general was less .than .50 mg/1. The 
supernatant COD remained low-..-between 75 mg/1 and 125 mg/1., The 11 f9od 11 
to microorganism ra·tio (F/M) was maintained at approximately 0.21. 
It is seen that after inc~easing the organic loading, the dominant 
form of effluent nitrogen changed gradually from N03~N to NH3~N. Also, 
it is noted that at times, practically all of the influent nitrogen 
appeared in the effluent as NH3-N, 
Studies on Acid Hydrolysis 
The gen~ral opetational procedure involving periodic withdrawal of. 
sludge, hydrolysis; and r,:ecycling of hydrolysa,te to the aeration cham-
ber was shown in Figure 3, The cell hy,drolysate was prepared by partial 
hydrolysis of the sludge withdrawn from the clarifier, The slltdge was 
acidified to pH 1 ,0 with H2so4 (36 N) and autoclaved usually for five~ 
hours at 15 psi, 121°c, This hydrolyzed sludge was neutralized.to pH 7 
with KOH (10 N) to obtain hydrolysate for feeding to the unit, From an 
engi.neering ,standpoint, it would be wise ,to d,etermine the autoclaving 
period for maximum solubf11zation of the biomass, Studies were made at 
various autoclaving periods holding other operational procedures (pH, 
temperature, and pressure) as before; biological solids concentration, 
unfiltered COD, and filtr,ate COD for various. periods of autoclaving were 
determined, As an example, the operation~l results obtained. from the 
hydrolysis of sludge .on day 113 are shown in Table V, Solubility of the 
biomass based either upon COD or upon biological solids concentration 
was not affected to any great extent by the period of autoclaving. Many 
I 
I 
other experiment~ gave si.milar results, In general, the solubility of 
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the biomass ranged between 80 to 90 percent (based on biological. solids) 
after five hours of autoclaving •. This findfng created an interest.to 
.find the percentage solubility for 1, 2, 3, 4, and 5 hours of autocl.av-
ing •. Therefore, on day 155, hydrolysis of the sludg·e was conducted and 
results monito~ed at 1, 2, 3, 4i and 5 hour$~ as shown in Table VI. 
TABLE V 
I 
HYDROLYSIS CHARACTERISTICS OF A .HYDROLYTICALLY-ASSISTED EXTENDED 
AERATION ACTIVATED SLUDGE PILOT PLANT ON DAY 113 
Autoclave 
Time,· 
Hours. 0 5 10 15 20 25 30 
Unfiltered 
COD, 
mg/1 23,400 23,400 23;800 24,500 26,000 26,800 27 ,500 . 
Filtrate 
COD, 




COD "'o 77.4 77.7 7701 76,9 76 .1 75.6 
Solids, 




Solids 90.8 91.2 91.3 91.5 88.5 88.3 
In this instance,it is seen that there. was, regardless of the 
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method of calculating solubility .due to hydrolysis, a small but sig-
nigicant incirease from one to five hours. The~e results indicate that 
there appears to be very little to be gained in elongating the hydroly-. 
sis period beyond five hours, but perhaps it could be shortened somewhat, 
TABLE VI' 
HYDROLYSIS CHARACTERISTICS OF A HYDROLYTICALLY-ASSISTED EXTENDED 
AERATION ACTIVATED SLUDGE PILOT PLANT ON DAY 155 
Autoclave 
Time; 
Hours 0 l 2 3 4 5 
Unfiltered 
COD, 
mg/1 19,000 19,000 20,600 20,600 21,300 21,700 
Filtrate 
COD, 




COD o 72,6 70,8 72,8 74~2 76~0 
Solids, 




Solids 78,0 83,J 85,4 85,4 87,3 
CHAPTER V 
DISCUSSION 
The results obtained during Phase I of the study (Figure 4) pro-
vide strong supportive evidence that the 11 hydrolytic assist'' can be 
used effectively to alleviate bulking conditions, , One oft.he important 
requirements for proper operation of the activated sludge process 
depends upon the separation of :the microbial population from the puri-
fied waste in the sedimentation tank.· During the early phase, filaments 
were not being successfully decreased by natural autodigestion. ,During 
the period of filamentous bulking, the supernatant liquid was very 
clear, but the sludge settling wa.s poor an~ there was occasional loss 
of sol ids into the effluent •. Many causes for the predominance of .fila-
mentous organisms in activated sludge have been reported (18).(20) (21). 
A pH drop was not the cause in th,e present case, bec_ause pH was main-
tained at 7.1 and nitrification was not taking place in the unit at 
that time. There are various ways to prevent the growth of filamentous 
organisms (21 )(23). In the present study, weekly hydrolysis of par .. 
tions of the sludge from the system did help to. rid it of the undesir"". 
able or,ganisms, The hydrolysate prepared from filame.ntous organisms 
fed to the unit enhanced the growth of more desirable organisms which 
would settle readily. The COD:N ratio was maintained at 10:l through-
out these studies; thus, the high nitrogen concentration did not help 
to maintain predominance of species other than filamentous forms. ,rt 
49 
50 
has been observed in other studies (29) that an increa.se in ammonia 
nitrogen did not tend to help shift predominance from filamentous to 
individual or flocced microorganisms. Acid hydroly$is dissolved the 
filamentous organisms; thus, the hydrolyzability of the filamentous 
organisms was similar to that of the other heterogeneous populations 
(33). After refeeding the hydrolysate, the settling in the' clarifier 
was. much better, and non-fi 1 amentous species and protozoa were noted .. 
Results from this investigation were encoura'ging and indicate that from 
an engineering point of view, the 11 hydrolytic assist" can be u.sed suc-
cessfully for getting rid of undesirable organisms from an activated 
sludge process. This means of ridding the system of filamentous organ-
isms was also tried with success by Gaudy, Yang, and Obayashi (3) and 
by Scott (33), The results of the present study indicate that the 
hydrolysate prepared from filamentous or,ganisms can be used as a sub-
strate by ot,her microbial populations more readily than by the fila-
~entous forms themselves, since there was an early change in the pre-
dominance of species in the system. 
In general, extended aeration processes can be expected to produce 
a nitrified effluent and the prime aim of this experimental investi,!«-
tion was to determine whether the extended a~~ation process can produce 
a nitrified effluent at higher organic loadings. Figure 5 showed the 
overall performance during the period of substrate concentration at 1000 
mg/1 glucose+ hydrolysate, A good balanced cohdition of operatiqn with 
respect to biological solid was obtained during days 28 .. to 48. During. 
that three.:.week period the effluent was not appreciably nitrified in 
the early period.· The unit produced highly nHrified effluents during 
the latter part of the steady state period. Jones and Patni (39) 
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recently reported the removal of large amounts of nitre.gen from a full 
scale oxidation ditch under similar environmental conditions. The pH, 
temperature, dissolved oxyge·n distribution of the mixed liquor, and 
the daily load suggested that nitrogen removal was mainly by a nitrifi-
cation-denitrifiication sequence. Between days 47 to 57~ the steep 
falling gradient of biolo.gical solids concentration in th,e system. 
clearly suggests autolysis even when the .regular weekly hydrolysis wa.s 
being continued. The more interesting point during this period was the 
production .of highly nitrified effluent. During autolysis, the 11 food 11 
to microorganism ratio varied between 0. la to 0.35. COD removal effi-
ciency was, in general, above 93 percent throughout the period for a 
feed of approximately 1275 mg/1 and an·aeration chamber detention time 
of 16 hours. It is interesting to note that even at this high loading 
the sludge did not steadily accumulate,. but there was a cycle of decreas-
ing biological sol ids concentration followed by a succeeding period of 
solids accumulation. During .this period of decreasing biological sol-
ids concentration, no gross leakage of COD in the effluent was.observed. 
This decrease in the solids concentration cannot be attributed to 
adverse environmental causes such as temperature, pH, organic loadings, 
and disso.lved oxygen in the system. These cells were not Jost:.in the 
effluent, but were decreased du~ to a peiiod of accelerated autodiges-
tion (2), The system produced rather a well nitrifie.d effluent during 
this period of operation, which is readily seen in Figure 5. 
Days ·79 to 119 {Figure 6) compris~d the third phase of th~ study, 
and a feed of approximately 1790 mg/1 {1500 mg/1 glucose + hydrolysate} 
was applied. Biological solids concentration gradually .increased from 
5000 mg/1 to 11 ,000 mg/1, and the .bioch.emic.al efficiency of the system 
remained above 94 percent based on unfiltered COD. The N03-N var.ied 
between 50 mg/1 and 150 mg/1 for an influent NH 4-N of 159 mg/1 based 
upon the synthetic waste; i.e., at times, practically all of the 
influent nitrogen appeared in the effluent as nitrate nitrogen, It 
should be noted that COD:N ratio was 10:l based upon synthetic wa.ste, 
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i ,e,, glucose concentration)a .. Analy~es of hydrolysate for nitrogen 
were not made because the hydrolysate was considered to be part of the 
sludge, not the feed .. Also, since the system proved excellent purifi-
cation efficiency, only traces of organic nitrogen could be expected in 
the effluent, and hence organic nitrogen analysis was not made. 
Yang and Gaudy (29) reported that there was a greater retention of 
nitrogen in the sludge and less reuse of the nitrogen at COD:N = 20:l 
than during operation at COD:N = 30~1. Normally for the treatment of 
nitrogen-deficient waste, less nitro,gen supplementation .is recommended 
for the extended aeration process when compared to that of a convention-
al type of process, 
During the study, an interesting observation was made regarding 
the 11 location 11 of the nitrification reactions, Between days 79 and 84 
the sludge showed a slight rising tendency, although the ,ffluent 
remained exce 11 ent. Periodic DO determinations of the effluent show 
that one mg/1 DO was present,. and as can be seen in Figur.e 6, the· N03-N 
concentration had decreased.· It was felt that it might be possible for 
denitrifkation in the settling chamber to be the real cause for the 
apparent lowering of nitrification. Accordingly, it was decided to 
determine the nitrate concentration in the aeration chamber as well as 
the settling tank.· A higher N03-N concentration in the aerator than in 
the settling .chamber could .be taken as evidence that the system was 
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still nitri.fying but that denitrification was taking place in the set-
tling tank. However, the results of the first comparatjve analysis (on 
day 84) showed the opposite was true; i.e., the N03-N concentration was 
higher in the settling tank. This condition was observed repeatedly on 
five subsequent occa.sions between days 84 and 92. It is possible, that 
the high degree of treatment (no or little organic substrate in the 
mixed liquor) coupled with the higher biologi<;:al solids concentration 
in the settling chamber are indicative of more favorable conditions and 
number of nitrifiers in the clarifier than in the a~ration tank. Con-
ditions under which a highly nitr1fied effluent can be produced in a· 
biologkal treatment process have been studied by a number of investi-
gators, but there are differences of opinion regarding the .governing 
factorsr For the present investigation, the DO in the settling tank 
varied between zero m.g/1 to. 2 mg/1, while .it ranged betwe.en 5 mg/1 and 
7 .5 mg/1 in the aeration tank •. The· pH was maintained at 7 .3 in both 
reactors.· Periodic withdrawal of a· fixed 900~ml volume of highly con-
centrated sludge from the clarifier was continued regularly. The 
nitrification gradually re.duced. in the system and1 there was from day 
l 09 to 124 approximately 40 mg/1 N03-N in the effluent for an iJ'lfluent 
NH3-N of 159 mg/1 •• 
The results .of the study in Phase IV (Figure 7) for a feed of 2000 
mg./l gilucose provide evidence for high performance of an extended aera-
. tion process with '.'hydrolytic as;sfstll at an extremely high lo.adfog. At 
this higher organic loading, the nitrification in the system dimi.nished 
. . 
very much when compared to that of the lower,organic loadings presented 
before, and it may· be concluded that while organotrophic performance 
was excellent. the system cannot".be expected ·to nitri.fy readily at such 
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a high loading. The hydrolyzed sol ids in the system approxirµated a 
roughly balanced condition .at 10,500 mg/1 (Fi.gure 7) and the biochemi-
cal efficiency was above 95 percent throughout, based on filtrate COD. · 
The situdies made on acid hydrolysis show that the solubility of 
the biomass was above 70 percent (Table VI) after one hour.of auto-
claving, and it increased a small amount after five hours of auto-
claving.· Also, as can be seen from Table V, the solubility of the bio~ 
mass of the hydrolysate did not change appreciably between five hours 
and 30 hours. Perhaps a mild condition of acid hydrolysis, e.g., 15 
1psi, 121°c for one to two hours would be sufficie'nt for control of the 
' 'autodigestion process. Such studies m{ght.prove to· be useful. 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
Before listing specific conclusions regarding this particular 
investigation, it is appropriat~ to discuss-a general conclusion 
regarding the practical. utility and engineering feasibility of the 
extended aeration process. 
Many small localities are not served by municipal treatment plants; 
septic tank systems are generally used for the treatment and disposal of 
wastes. Because of such treatment (or lack of ·it), .surface and ground 
waters often become polluted, leading to unsanitary conditions. The 
present awareness of environmental pollution control has stim.l!lated 
interest in various alternate. methods. of wastewater treatment to assure . 
an effluent of good quality before discharge to water bodies. Everyone 
is ,des.irous ·of having treatment plants that are easily oper.ated and 
serve their intended purpose over a long period of time and with little 
mai.ntenance. In this context, .extended aeration _activated sludge proc-
esses offer advantages, 
The volume of sludge produced is significantly reduced becaL1se of 
11 auto-oxida~ion ,II As a result, ,sl udg;e treatment does not pose a .. serious 
problem. The process' can be expected to produce iai nitrified effluent. 
, ' . I 
The long aeration period and low BOD loading can ·ehhance presence of 
abundant·protozoa, rotifers, metazoa,.etc. 1 which seem tohave;bene-
ficial effects on .flocculation .and clarification for efficient 
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separation of the mixed 1 iquor (40), The rec.ently introduced "hydro-
lytic assist" offers an engineering control which may be employed to 
aid autodigestion when needed. Furthermore, the .work on total oxida-
tion which was accomplished previously in these laboratories, erase 
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doubts regarding the theoretical val.id ity of the concept, Thus, it is 
felt that for small communities, the process offers considerable hope 
for accomplishment of water pollution control.· The present investiga-
tion at high organic loadings also provides insight into the applicabil-. 
ity of the process to high strength industrial wastes. Based upon the 
present study, the following specific co.nclusions seem warranted: 
1. The 11 hydrolytic assist" has proven successful as an engineer-
ing control for disposing of undesira~le organisms from an activated 
sludge process. The hydrolysate prepared from filamentous orgijnisms 
can be used as a substrate by other microbial populations .. 
2. Highly nitrified effluents can be produced in a hydrolytically~ 
assisted extended aeration process up to an organic loading of 1500 mg/1. 
3. Excellent treatment for removal of organic matter is possible 
in the extended aeration process with the "hydrolytic assist". as an 
engineering control for high strength waste, e.g., 2000 mg/1. 
4 .. The present investigations·add further evidence that organic 
loading can be correlated with the degree of nitrification. 
5. It may be possible to. reduce. the period for acid hydrolysis at 
15 psi , 121 °.c to one to three hours without impairing th.e benefit one 
obtains, by using the 11 hydrolytic assist" to control biological solids 
concentration. 
CHAPTER VII 
SUGGESTIONS FOR FUTURE WORK 
The results of the present investigation have provided supportive 
evidence for the operational feasibility of the hydrolytically-
assisted extended aeration process for treating organic wastes. There 
are, however, certain aspects of the work which warrant further inves-
tigation, and some of these are: 
1. Instead of weekly withdrawal, a quarter-yearly or half-yearly 
withdrawal of sludge concentration may give better nitrification. 
Hence, it would be useful to observe purification and nitrifying char-
acteristics of a system for which sludge was hydrolyzed only as 
required to prevent solid from building up too high in the settling 
chamber, 
2, Improved nitri,fication at high organic loading in the e~tended 
aeration process might be attained by employing two stages of r.eactors 
--one for carbon removal, and another for nitrification. 
3, Further experimental studies of hydrolysis conditions, e.g., 
different pressures and temperatures .for sludges of various origins 
would be of great value from an engineering point of view, especially 
application to treatment of industrial wastes. 
4, Further experimental data on the chemical requirement for 
acidification and neutralization of the different sludg·es to be hydrol-
yzed would assist greatly in projecting costs for operating such a 
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system. This would be of interest for the industrial use of the 
hydrolytically-assist~d process at full scale level. 
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5. Study the possible saving in phosphorous supplementation due 
to the reuse of phosphorous enhanced by the 11 hydrolytic assist" may 
prove useful in cost analysis for·treatment of some industrial wastes. 
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